The quartz flexure accelerometer has been applied in many inertial systems, but the accelerometer signal may be infected by various noise components. In order to be sufficient for the precision requirement, a noise reduction method is designed and explored to meliorate the measurement signal. By constructing a Hankel matrix with the single channel collected signal, the singular value decomposition technology is utilized to determine a threshold that can distinguish the clean signal and noise signal. When the singular values are lower than this threshold, they are set to be zeros, and the Hankel matrix can be reconstructed. Preliminarily, the enhancement of collected signal is achieved. Then, the Savitzky-Golay filter is employed to smooth the above-described enhanced signal. Finally, the denoised signal is acquired, and its result is evaluated by Allan variance and statistical parameters. With the static and dynamic accelerometer signals, the proposed method was validated by denoising experiments. The test results showed that the satisfying performance of noise reduction was implemented. It is demonstrated that the proposed method is adaptable, and the measurement accuracy of accelerometer signal can be improved.
Introduction
The accelerometer is an important sensor to present the object's motion state, and it is a key device in inertial systems, such as vibration measurement, navigation, and military application. Using the mechanical pendulum structure and flexural support technology, the quartz flexure accelerometer can be relatively easily manufactured, and has the advantages of high precision and large measurement range. Therefore, this accelerometer has acquired much attention, especially in the aerospace field [1] .
Inevitably, the accelerometer signal will be contaminated by noise during the signal acquisition, because of the sensor's physical characteristics, circuit devices and complex environmental factors. Hence, the noise reduction is indispensable, and much work has been done to achieve this target. Preliminarily, digital filters were used, and the butterworth filter and Savitzky-Golay filter were applied [2] . This kind of method was simple, but it was hard to evaluate the boundary between noise and signal. With a characteristic function, the amplitude and phase of accelerometer signal could be corrected by a designed discrete-time filter [3] . The wavelet transform was employed to estimated the variances and means of observation noise, the Kalman filter could be modified with the estimated parameters, then, the accelerometer signal was denoised [4] . Considering that the statistical properties of measurement noise were difficult to be accurately determined in actual conditions, thus, the standard Kalman filter might not acquire the satisfying performance. To solve this problem, the adaptive Kalman filter was improved, and the innovation sequence and optimization approach were applied [5] [6] . Also, the time-frequency filtering methods were tested, and the fractional Fourier transform and wavelet transform were utilized for time-frequency analysis, then, the local properties in time-frequency domain were utilized to separate the accelerometer signal from noise [7] [8] . Furthermore, the empirical mode decomposition was applied. It was integrated with RBF neural network and wavelet packet transform to improve its algorithm, after that, the noise reduction could be implemented [9] .
In this paper, a noise reduction method of combining Singular Value Decomposition (SVD) with Savitzky-Golay filter was explored for the quartz flexure accelerometer signal. The SVD was used to calculate the singular values and vectors of Hankel matrix from the single channel measurement signal. With the curve of singular values, the dominant values could be acquired, and the pre-denosied signal could be presented. Then, an effective polynomial regression filter, the Savitzky-Golay filter was applied to do the smoothing processing. Finally, the accelerometer signal could be extracted from the noisy measurement signal, and the Allan variance and statistical analysis were utilized to evaluate the denoising performance.
Denoising by Singular Value Decomposition
The singular value decomposition is an effective tool for signal analysis. For the one dimensional measurement signal, the two dimensional Hankel matrix can be generated by data interception. Using SVD, the clean signal and noise signal can be distinguished by singular values. Based on the matrix reconstruction, the purpose of noise reduction can be preliminarily achieved.
Generally, the measurement accelerometer signal can be regarded as the linear superposition result with white gaussian noise signal. Using the discrete definition, the clean signal is assumed as s(n), the noise signal is assumed as ε(n), then, the measurement noisy signal x(n) can be expressed as
where, N is the data length [10] [11] . In order for SVD, the Hankel matrix, a kind of appropriate matrix must be constructed with the single channel noisy signal. In this matrix, the subsequence (x 1 , x 2 , . . . , x k ) is described as the first row vector, the subsequence (x 2 , x 3 , . . . , x k+1 ) is described as the second row vector, analogously, a series of vectors can be represented with the increased subscripts of x(n). And this Hankel matrix can be expressed as
where, m (m ≤ k) is the dimension and N = m + k − 1 [11] .
According to the mathematical expression of measurement signal, the noise signal is showed to be additive. So, with Hankel representation, the measurement model can be described as [12] [13]
In this model, H x denotes the noisy signal, H s denotes the clean accelerometer signal, and H ε denotes the additive noise signal. Then, the decomposition of noisy signal can be expressed as
where, U x and V x are orthogonal matrices, Σ x is the diagonal matrix of singular values and the diagonal elements are sorted in a decreasing order as
According to the expression (3), the clean signal subspace and noise subspace are comprised in the Hankel matrix of measurement signal. Theoretically, the singular values can be divided into two different parts by SVD, one part represents the signal energy, and the other part represents the noise energy. This process can be showed as
Respectively, the diagonal matrices of Σ s and Σ ε denote the singular values of clean signal and noise signal, and the quality of measurement signal can be improved by deleting these singular values of noise signal. In this work, the threshold selection of singular values is a key step. With the difference calculation between adjacent elements of singular values which is indicated as diff( ), the most significant change point can be presented to identify the threshold which is indicated as maxCP( ), and this operation can be showed as
Because the singular values are related to the noise subspace when they are lower than the threshold, so, those values are selected to be zero. Consequently, the observation matrix can be reconstructed to estimate the clean signal, as below [12] 
where, p=min(k, j) and q=max(1, j − m+1).
Furthermore, the Savitzky-Golay filter is utilized to eliminate the residual noise with the preliminary enhanced signal of SVD. It performs a smoothing filter using a local polynomial regression on the data sequence. A sample point of data sequence is assumed to be y(i). Around this point, a group of 2L+1 sample points were extracted for the polynomial fitting, and its expression is represented asŷ
where, a j (j=0, . . . , c) indicates the fitting coefficient, c is the order. The least-squares error is applied to achieve the best fitting result, and the error is described as
For the polynomial approximation problem of least-squares error, this error expression is designed to be a matrix. Then, the polynomial coefficients can be estimated. Finally, the denoised signal with smoothing processing can be acquired [14] [15].
Allan Variance
In order to quantificationally evaluate the denoising effect of accelerometer signal, the Allan variance is applied. It is a time domain analysis method to explore the frequency stability of oscillators, and it can identify the types of various noise terms from the observation signal. This evaluation technology has been applied for gyroscopes and MEMS inertial sensors [16] [17], also, it can be employed for the quartz flexure accelerometer.
In the N sampling data points, r consecutive data points with r < N/2 are formed to be a subset, and then, G = N /r subsets can be generated. Assume that each sampling point is Ω(i), the sampling interval is T s , the cluster average of g-th subset is described as [17] [18]
Subsequently, the Allan variance is defined as
According to the sensor characteristics and Allan's definition, five basic noise terms are primarily related to the inertial sensor, they are listed as quantization noise, angle random walk, bias instability, rate random walk, and rate ramp. The quantization noise is caused by converting the analog signal into its digital form, because of the sampling errors between the actual amplitudes and the bit resolution of the analog-to-digital converter. The angle random walk is associated with the high-frequency noise which the correlation time is shorter than the sample time, and it performs a white noise spectrum on the accelerometer rate output. The bias instability is showed to be low-frequency with the bias fluctuations in the data. The rate random walk is possibly formed by the limit of an exponentially correlated noise with a long correlation time, and it is an uncertain random process. The rate ramp is showed to be drifty, and its origin is confusing [16] [18] .
Actually, different types of noise components maybe exist in the measurement procedure. With the statistically independent assumption of different errors, the Allan variance can be expressed the summation of square with the variances of several noise sources, as below
where, e i presents each coefficient that can be estimated by using the least squares fitting method [16] . And then, the parameters of noise terms can be calculated to demonstrate the interference factors and evaluate the denoising performance.
Experiments and Analysis

Experimental Setting
The measurement signals were collected from the quartz flexure accelerometer. In the gravitational field, the multi-tooth dividing table was utilized to set the measurement angle of accelerometer. The test circuit was utilized to transfer the acceleration values to the voltage values, and the data acquisition card of PCI-6221 was employed to acquire the digital signals. The schematic diagram of signal acquisition was showed in Fig. 1 . Using the circular dividing table, the accelerometer could be placed at different angles. Then, the acceleration of gravity values could be collected, and the sampling rate was set to be 1000 Hz. 
Denoising Experiments
Using the multi-tooth dividing table, 4 groups of accelerometer signals were collected in the gravitational field. Respectively, the static signals with 3 kinds of position angles and the dynamic signal with rotation of dividing table were experimented for the noise reduction.
The first position angle was the 0 degree, and the collected static accelerometer signal was showed in Fig. 2 (a) . Evidently, the accelerometer signal was contaminated with noise signal in this figure, so, the noise reduction was needed to improve the signal quality. With the proposed method, the Hankel matrix should be constructed. For the sake of determining the appropriate matrix dimension, the various dimensions were experimented to compare the construct validity. Because the measurement process of accelerometer signal is stationary, therefore, only one state component was theoretically contained in the collected signal, and the rest information was noise signal. With the comparable analysis, the dimension of Hankel matrix was determined to be 50. Utilizing the SVD, the singular values were calculated, and they were presented in Fig. 3  (a) . In order to find the threshold of singular values, the results of differential operation were indicated in Fig. 3 (b) . This figure showed that the most significant change point was the first point, and little change was presented in the remaining points. It was showed that one maximal singular value was related to the clean accelerometer signal, and this value was set to be reserved, correspondingly, the remaining singular values were related to the noise signal, and those values were set to be zeros. Then, the Hankel matrix was reconstructed with the modified singular values, and the noise information in collected signal was preliminarily achieved to be suppressed. Hereafter, utilizing the Savitzky-Golay filter that its order was set to be 5, the above-described processed signal was smoothed. Finally, the denoised signal was acquired and it was showed in Fig. 2 (b) .
To evaluate the denoising performance, Allan variance and statistical values, the two kinds of parameters were applied. The Allan variance curves were indicated in Fig. 4 . Visibly, the Allan 4789 variance values of denoised signal were lower than the values of original collected signal. For the quantificational comparison, specific parameters were employed. With regard to the Allan variance, considering the uncertainty of rate random walk and rate ramp, the two parameters were neglected. And respectively, the parameters of quantization noise, angle random walk and bias instability were signed as Q, N and B. With regard to the statistical values, the mean value and variance of signal were applied. The evaluation results of the denoising experiment with 0 degree were presented in Table 1 . It was showed that the parameters of Allan variance were lower by denoising, and the change kept similar with the Allan variance curves. For the statistical values, the mean values almost kept stable, and the variance of denoised signal was suppressed. It was showed that the proposed method could effectively achieve noise suppression, and could reserve the intrinsic information of accelerometer signal. The second and third position angles were the 90 degree and 270 degree. Individually, the static accelerometer signals were presented in Fig. 5 (a) and Fig. 6 (a) . Similar to the above-mentioned processing, the proposed method of combining SVD with Savitzky-Golay filter was explored to achieve the noise reduction. The intermediate steps could be omitted, and the denoised signals were showed in Fig. 5 (b) and Fig. 6 (b) . Comparatively, the evaluation parameters were presented in Table 2 and Table 3 . The results also showed that the noise information of signals could be suppressed, and the Allan variance and statistical values were lower by the proposed method. So, the satisfying performance of noise reduction was acquired.
Furthermore, the dynamic accelerometer signal with rotation of dividing table was experimented. The collected signal was illustrated in Fig. 7 (a) , and it was disturbed by noise. According to the test analysis, the dimension of Hankel matrix was set to be 50. With the SVD, the singular values were presented in Fig. 8 (a) , and the results of differential operation were presented in Fig. 8 (b) . The first point was determined to be the threshold of singular values. Then, the Hankel matrix was reconstructed, and the denoised signal was acquired with the Savitzky-Golay filter to be illustrated in Fig. 7 (b) . To evaluate the noise reduction, the Allan variance curves were presented in Fig. 9 , and their values were showed in Table 4 . Because the object was a dynamic signal, the statistical values were not available, so the Allan variance parameters were utilized. The curve and values of Allan variance were found to be lower after noise reduction.
The experimental results showed that the motion characteristics of sensor could be enhanced form the noisy signal, and the dynamic accelerometer signal could be effectively denoised with the proposed method. 
Conclusion
The signal of quartz flexure accelerometer was applied to investigate the noise influence, and a noise reduction method was explored to improve the signal quality. Using the single channel measurement signal, a Hankel matrix was constructed for the singular value decomposition. According to the distribution of acquired singular values, the distinguishable threshold between clean signal and noise signal was demonstrated. Moreover, the smoothing effect was implemented by the Savitzky-Golay filter, and the denoised signal was acquired. Then, the Allan variance and statistical parameters were applied for the evaluation. Utilizing the static and dynamic accelerometer signals, the experimental results showed that the satisfying performance of noise reduction could be achieved by the proposed method, and the measurement accuracy of quartz flexure accelerometer could be improved.
